Rectifying electrical synapses are commonplace, but surprisingly little is known about how rectification alters the dynamics of neuronal networks. In this study, we use computational models to investigate how rectifying electrical synapses change the behavior of a small neuronal network that exhibits complex rhythmic output patterns. We begin with an electrically coupled circuit of three oscillatory neurons with different starting frequencies, and subsequently add two additional neurons and inhibitory chemical synapses. The five-cell model represents a pattern-generating neuronal network with two simultaneous rhythms competing for the recruitment of a hub neuron. We compare four different configurations of rectifying synapse placement and polarity, and we investigate how rectification changes the functional output of this network. Rectification can have a striking effect on the network's sensitivity to alterations of the strengths of the chemical synapses in the network. For some configurations, the rectification makes the circuit dynamics remarkably robust against changes in synaptic strength compared with the nonrectifying case. Based on our findings, we predict that modulation of rectifying electrical synapses could have functional consequences for the neuronal circuits that express them.
Introduction
The classical study demonstrating the electrical synapse in the crayfish escape circuit also showed that the connection was rectifying, that is positive current flows preferentially in one direction (Furshpan and Potter, 1959) . Subsequently, the importance of electrical coupling in both invertebrate and vertebrate nervous systems has become evident (White et al., 1986; Rela and Szczupak, 2004; Pereda et al., 2013; Sasaki et al., 2013) . Electrical synapses are often thought to promote speed and synchrony in excitable tissues, such as the heart and in the nervous system. Although network synchronization often results from electrical coupling (Chow and Kopell, 2000; Lewis and Rinzel, 2000; Pfeuty et al., 2003) , gap junctions can have the opposite effect by desynchronizing network neurons. For example, electrical coupling between Golgi neurons produces surround inhibition when neurons receive sparse excitatory inputs (Vervaeke et al., 2010) . Furthermore, electrical synapses create complex input-output functions in combination with chemical synapses (Spira et al., 1976; Kopell and Ermentrout, 2004; Rela and Szczupak, 2004) .
The present study aims to further our understanding of electrical synapses by exploring their rectification in a neuronal circuit model. A single cell can express multiple gap-junction monomers, thus forming a diverse set of gap junction hemichannels (Dermietzel, 1998) . Rectifying gap junctions are thought to result from the joining of two different gap junction hemi-channels (Phelan et al., 2008) .
Because junctions are known to be rectifying only when electrophysiological, intracellular recordings have been made (Devor and Yarom, 2002) , the prevalence of rectification is likely to be underestimated. Specifically, when electrical synapses are identified on the basis of gap junctions seen in the electron microscope (White et al., 1986) , it is unknown whether they support current flow equally in both directions or rectify. Nonetheless, in many preparations in which appropriate recordings have been made, rectifying electrical synapses have been shown to support specialized functions (Marder, 1998; Rela and Szczupak, 2004) . Motor neurons in the midbody ganglion of the leech rely on rectifying gap junctions as a crucial part of a negative feedback loop built into the circuit (Rela and Szczupak, 2003) . The circuit has the capacity to regulate the motor neurons in a state-dependent manner due to this circuit feature (Rela and Szczupak, 2004) . The crayfish escape reflex depends on coincidence detection that results from rectifying electrical synapses. As a result of multiple inputs either summing or interfering, coincidence detection is an unavoidable feature endowed upon neurons that receive multiple rectifying electrical synapses of the same polarity (Edwards et al., 1998) .
The prevalence of rectifying electrical synapses makes it important to understand the role of rectification in the circuits in which these junctions are found. To that end, we investigate how rectification affects the functional output of a 5-cell, pattern-generating, model circuit and its sensitivity to synaptic modulation.
Materials and Methods
Model networks. Cells were modeled as Morris-Lecar (Morris and Lecar, 1981) , single-compartment neurons modified by a hyperpolarizationactivated current as in our previous study (Gutierrez et al., 2013) . Each cell's membrane voltage, V m , was computed by solving the membrane equation:
C m is the membrane capacitance and is equal to 1 nF for all neurons. Reversal potentials for the various currents are V leak ϭ Ϫ40 mV, V ca ϭ 100 mV, V k ϭ Ϫ80 mV, V h ϭ Ϫ20 mV, V syn ϭ Ϫ75 mV. The hyperpolarization-activated current is based on equations and parameters that were modified from (Turrigiano et al., 1995) . The remaining ionic currents are based on equations modified from (Skinner et al., 1993) .
where v 1 ϭ 0 mV and v 2 ϭ 20 mV.
where v 3 ϭ 0 mV and v 4 ϭ 15 mV.
where v 5 ϭ 78.3 mV, v 6 ϭ 10.5 mV, v 7 ϭ Ϫ42.2 mV, v 8 ϭ 87.3 mV. M ϱ, N ϱ, and H ϱ are steady-state gating variables for the calcium, potassium, and hyperpolarization-activated currents, respectively. N and H are time-dependent gating variables for the potassium and hyperpolarization-activated currents, respectively. The gating variable, N, is modified by N , a hyperbolic, U-shaped curve whose nadir height and eccentricity are determined by N which equals 0.002 ms Ϫ1 . The variable h is the voltage-dependent recovery time constant. It controls the rate of change of H so that H changes less steeply for more depolarized voltages.
All synapses were modeled as instantaneous. Electrical synapses were either rectifying or nonrectifying. The electrical conductance, g el , determined the strength of the electrical synapses. Electrical coupling conductances ranged from 0 nS to as much as 9.5 nS.
for a rectifying synapse that permits negative current to flow from V m1 to V m2 . The rectification function, G recϱ , is an approximation of the experimental rectification data in Phelan et al. (2008) . G max ϭ 1, v ␣ ϭ 8 mV, and G min ϭ 0 (Fig. 1A) . For nonrectifying synapses, G recϱ was a constant equal to 1.
Chemical inhibitory synapses were modeled by equations modified from Prinz et al. (2004) . S ϱ is the steady-state synaptic current gating variable and was modeled after the graded synaptic transmission seen in crustacean stomatogastric neurons (Manor et al., 1997) . We used inhibitory synaptic conductance strengths ( g synHC and g syn1 ) ranging from 0 nS to 10 nS. Each of the two synapses that form a half-center coupling have the conductance value denoted by g synHC .
where v ␤ ϭ 5 mV and v th ϭ Ϫ25 mV. All model neurons in this study are endogenous oscillators and the maximal conductances for the different neurons were chosen to achieve the intrinsic oscillation frequencies required. Conductances for the neurons in the five-cell circuit were as follows [fast; f1,f2: g ca ϭ 1.9 ϫ 10 Ϫ2 S, g k ϭ 3.9 ϫ 10 Ϫ2 S, g h ϭ 2.5 ϫ 10 Ϫ2 S; hub neuron(intermediate); hn: g ca ϭ 1.7 ϫ 10 Ϫ2 S, g k ϭ 1.9 ϫ 10 Ϫ2 S, g h ϭ 8.0 ϫ 10 Ϫ3 S; slow; s1,s2: g ca ϭ 8.5 ϫ 10 Ϫ3 S, g k ϭ 1.5 ϫ 10 Ϫ2 S, g h ϭ 1.0 ϫ 10 Ϫ2 S; all g leak ϭ 1 ϫ 10
Ϫ4 S]. The neurons in Figure 1 have the same ionic conductances as hn except for g leak which is 1 ϫ 10 Ϫ3 S and 1 ϫ 10
Ϫ2
S for the oscillator and leaky neuron respectively. The neurons in the three-cell circuit in Figure 2 have the following conductances [f: g ca ϭ 2.0 ϫ 10 Ϫ2 S, g k ϭ 4.0 ϫ 10 Ϫ2 S, g h ϭ 1.9 ϫ 10 Ϫ2 S; m: g ca ϭ 1.7 ϫ 10 Ϫ2 S, g k ϭ 2.0 ϫ 10 Ϫ2 S, g h ϭ 9.0 ϫ 10 Ϫ3 S; s: g ca ϭ 1.48 ϫ 10
A B C D Figure 1 . A rectifying gap junction between an intrinsic oscillator and a leaky oscillator. A, Rectification is a function of the difference in voltage between two electrically coupled cells. The rectification of the electrical synapses in this study is modeled by this G recϱ sigmoid which controls the amount of electrical coupling conductance as a function of voltage difference. B, The voltage traces of an intrinsically oscillating neuron (green) and a leaky, conditionally oscillating neuron (pale blue) show their intrinsic activity when they are not coupled. In C they are coupled by a rectifying gap junction (diode symbol) that readily permits negative (hyperpolarizing) current to pass from the oscillator to the leaky cell while restricting the flow of negative current in the opposite direction. Naturally, positive current is able to pass from the leaky neuron into the oscillator; however, its passage into the leaky neuron from the oscillator is restricted. The voltage traces show their resulting activity. D, The polarity of the rectifying gap junction is reversed so that positive current can easily pass from the oscillator to the leaky neuron and negative current can just as easily pass from the leaky neuron to the oscillator. The inverse current flow, however, is restricted.
Simulations and analysis. All data and figures presented in this paper are from simulations performed in MATLAB using the variable timestep solver ode45 function (fourth/fifth order Runge-Kutta integration). Simulations produced 655 s long voltage waveforms for each of the five neurons. The first 55 s were eliminated from analysis. MATLAB scripts were made to compute the oscillation frequencies from the truncated 600 s lengths of data. The threshold for a membrane depolarization to be considered a spike was set at 0 mV and frequency was calculated to be the inverse of the mean spike period over the 600 s interval. Network parameterscapes were done in MATLAB as described in Gutierrez et al. (2013) . Code available on request.
Results
Many computational studies of the effects of gap junctions in networks assume that all of the component neurons are identical and have not investigated the effects of rectification. In contrast, in biological systems, many electrical synapses are between neurons of different cell types, and may be rectifying. Therefore, we focus on the effects of rectifying junctions between neurons with different intrinsic membrane properties. We begin with an example of two electrically coupled neurons because it offers some insights into the findings that follow when we look at a chain of three heterogeneous oscillators. The three-cell chain then forms the kernel of the five-cell pattern-generating circuit that we use to explore the dynamics that result from rectification in a network with both electrical and chemical synapses.
Rectification between two heterogeneous neurons
The effect of a rectifying electrical synapse between an intrinsically oscillating neuron and a leaky neuron is shown in Figure 1 . Uncoupled, the oscillator's membrane potential fluctuates between depolarized and hyperpolarized voltages, whereas the leaky neuron's membrane potential is steady at around the leak reversal potential (Fig. 1B) . With a rectifying electrical synapse that restricts the flow of negative current from the leaky neuron to the intrinsic oscillator, whereas positive current flow is restricted in the opposite direction, the leaky neuron is hyperpolarized during the trough of the oscillator's waveform and the intrinsic oscillator's frequency is slightly increased (Fig. 1C) . Reversing the polarity of the rectifying electrical synapse restricts negative current flowing from the intrinsic oscillator to the leaky neuron. With this configuration, both neurons oscillate synchronously (Fig. 1D) . Although in Figure 1C the leaky neuron only really hyperpolarizes relative to its baseline, in Figure 1D the leaky neuron both depolarizes and hyperpolarizes relative to its baseline. The negative deflections in the leaky neuron's membrane potential in Figure 1D are due to the activation of its intrinsic hyperpolarizing membrane currents as a result of its depolarization through the rectifying gap junction. Figure 1 illustrates that, depending on the direction of rectification, the oscillatory neuron can either produce a net rhythmic hyperpolarization or a net rhythmic depolarization to the leaky coupled neuron. More importantly, the intrinsic properties of the neurons determine how the rectifying electrical synapse will affect their activity as demonstrated by Figure 1D . Although this is to be expected for this pair, it is important to bear in mind for the larger circuits we study subsequently.
The current flow and its rectification are a function of the voltage difference between the coupled neurons (Fig. 1A) . Take for example the rectifying synapse in Figure 1C ; when the oscillator is more hyperpolarized than the leaky neuron, V leaky Ϫ V oscillator is positive and G recϱ is between 0.5 and 1 meaning that current flow through the gap junction is facilitated. When the oscillator is more depolarized than the leaky neuron, V leaky Ϫ V oscillator is negative and G recϱ is between 0 and 0.5 which means that current flow through the gap junction is restricted. Note how the more depolarized the oscillator is than the leaky neuron, the more current flow is restricted. For the rectifying gap junction of the reverse polarity in Figure 1D , the G recϱ sigmoid is reflected about the axis where V 1 ϪV 2 ϭ 0.
Rectification in a three-cell chain of heterogeneous neurons
We next look at the effects of rectification on a three-cell circuit that demonstrates that the effect that a rectifying electrical synapse has on circuit synchronization depends on the polarity of the synapse and the intrinsic properties of the neurons on either side of it.
In isolation, each of the three neurons in Figure 2 is an oscillator, but their frequencies are different. If the neurons are serially coupled with nonrectifying electrical synapses, they oscillate synchronously near the mean of their isolated frequencies given enough electrical coupling conductance (Fig. 2 , Case 0). In this case, the slow (s) and the medium (m) frequency neurons synchronize at a slightly lower value of the coupling conductance than that required before all three synchronize. Replacing the electrical synapse between the intrinsically fast ( f ) and mediumfrequency neurons with a rectifying electrical synapse that restricts negative current from the fast to the medium neuron (and restricts positive current in the opposite direction) yields similar results, but shifts the coupling conductance needed to synchronize the three neurons to a slightly higher value (Fig. 2, Case 1) . However, a rectifying synapse of the opposite polarity between the fast and medium neurons results in a circuit that requires a much higher coupling conductance before all three neurons synchronize (Fig. 2, Case 2) .
The contrast between these two cases has an intuitive explanation. Because in isolation the fast neuron oscillates at a higher frequency than the other two neurons, the hyperpolarizing current it receives from the medium neuron when they are coupled with the rectifying synapse in Case 1 allows it to lower its oscillation frequency to meet the other neurons. When the polarity of the rectifying synapse is reversed, the fast neuron's source of hyperpolarizing synaptic current is restricted, whereas the depolarizing current it receives pushes its frequency further away from that of the other neurons until a high enough coupling conductance can synchronize them. As coupling conductance is increased, the fast neuron is able to receive more negative synaptic current when the junctional potential is near zero. Similarly, Cases 3 and 4 (Fig. 2) show how the polarity of a rectifying synapse can work for, or against, the intrinsic properties of the neurons flanking it and this can have consequences for circuit output. In Case 3, restricting positive current to the slow neuron makes it difficult for it to synchronize with the other faster neurons. However, in Case 4, the slow neuron is able to synchronize with the other neurons at a lower coupling conductance despite having negative current flow into the slow neuron restricted. The rectifying electrical synapses in Cases 1 and 4 cooperate with the neuron intrinsic properties because the sign of the permitted current flow through the synapse facilitates synchrony among the coupled neurons. Hyperpolarizing current flows easily from m to f in Case 1, whereas in Case 4 depolarizing current flows easily from m to s, allowing f to decrease its frequency and s to increase its frequency to meet the other neurons in the respective cases. Conversely, in Cases 2 and 3 the relationship is antagonistic because the asymmetrical current flow through the rectifying electrical synapse results in the coupled neurons diverging in frequency. More explicitly, in Case 2 depolarizing current flows easily from m to f causing the frequency of f to increase away from the other neurons. In Case 3, because hyperpolarizing current flows more easily from m to s, the slow neuron's frequency is suppressed making it difficult for s to synchronize with the other neurons.
Consequences of rectification for a pattern-generating circuit
In the three-cell circuit, we saw the effects of rectification on synchronization among cells of disparate frequencies. Now, we look at the effects of rectification in a circuit that can generate a variety of different output patterns, such as in the central pattern generating circuits seen in invertebrates (Marder and Calabrese, 1996; Marder and Bucher, 2007) . As an example, we study the effects of rectification on a five-cell circuit that is loosely motivated by the connectivity in the crab stomatogastric ganglion (Gutierrez et al., 2013) . In this circuit there are two intrinsically fast neurons ( f1 and f2) that mutually inhibit each other, two intrinsically slow neurons (s1 and s2) that mutually inhibit each other, and an intermediate-frequency hub neuron (hn) that is electrically coupled to one of the fast and one of the slow oscillators (Fig. 3A) .
Both mutually inhibitory pairs (coupled with synaptic strength g synHC ) form half-center oscillators as seen in the traces in Figure 3B . This endows the circuit with pattern-generating capabilities such that the mutually inhibitory pairs set up two distinct rhythmic patterns. In the half-center oscillator formed by the two fast neurons, f1 and f2 take turns "firing" in alternation. The slow neurons also form a half-center oscillator but at a lower frequency than the fast half-center. The hub neuron, hn, between the rhythm-generating parts of the circuit intrinsically oscillates at a frequency intermediate to the fast and slow half-center frequencies (Fig. 3B) . In contrast to the three-cell circuit, hn is flanked by two half-center subcircuits of different frequencies in this five-cell circuit, rather than by two neurons with differing frequencies. The electrically coupled neurons on either side of hn now have the additional pull of their mutually inhibiting partners to compete with the influence of the electrical coupling.
The fast and slow rhythms can be coordinated by hn via the electrical coupling (Fig. 3C) . When hn is electrically coupled to one neuron in each half-center oscillator ( f2 and s2), it can coordinate the two sides of the circuit such that the fast and slow half-centers fire in a stable 2:1 frequency relationship with each other. In the example in Figure 3C , hn joins the fast half-center oscillator's frequency.
In this five-cell circuit, electrical coupling competes with the half-center coupling (i.e., the mutually inhibitory chemical synapses) to determine the electrically coupled cells' activity. With low half-center inhibitory coupling conductance, the electrically coupled neurons ( f2, hn, and s2) synchronize at the same frequency while the nonelectrically coupled neurons ( f1 and s1) oscillate close to their intrinsic frequencies (Fig. 4A) . However, the effect of these synaptic parameters is not limited to the activity of the electrically coupled neurons, but extends to the nonelectrically coupled ones as well. This is seen in Figure 4B in which, as a result of increasing both electrical and half-center coupling strength, the nonelectrically coupled intrinsically fast neuron ( f1) has joined the electrically coupled neurons at the same frequency leaving only the nonelectrically coupled, intrinsically slow neuron (s1) to oscillate near its intrinsic frequency. Naturally, high half-center coupling conductance will make it less likely for the neurons on either side of the hub neuron to be A B C Figure 3 . Pattern-generating five-cell circuit. A, The electrically coupled three-cell circuit motif becomes the core of the five-cell circuit. B, The intrinsically fast neuron is mutually inhibited by another intrinsically fast neuron forming a half-center oscillator, and likewise for the slow neuron ( g synHC ϭ 5 nS). Without electrical coupling, the hub neuron (hn) between these two pattern-generating components intrinsically oscillates at a frequency intermediate to the half-center frequencies of the fast and slow pair. C, When hn is electrically coupled to f2 and s2 with g el equal to 3 nS, the circuit outputs a stable rhythmic pattern and hn oscillates at the frequency of the fast half-center. Scale bars, 100 mV and 2 s.
pulled out of synchrony with their mutually inhibiting partners, so hn will join one of the half-center oscillators. In Figure 4C , the half-centers ( f1, f2, and s1, s2) oscillate near their intrinsic frequencies, whereas hn is captured by the fast oscillators. When both half-center coupling and electrical coupling are high, the network finds a stable compromise between the opposing forces such that half-center relationships are preserved while the three electrically coupled neurons synchronize. For example, in Figure  4D , all neurons oscillate at a common frequency, but alternation between f1 and f2, and between s1 and s2 is maintained. The addition of the half-center coupling parameter requires a plotting method to accommodate this added dimension when probing a range of synaptic conductances. We recently developed a method called the "parameterscape" that allows the visualization of any network attribute (in this case the frequencies of the five circuit neurons) as a function of two network parameters (Gutierrez et al., 2013) . Each point on the parameterscape shows the activity of all five neurons with a series of concentric shapes that are color-coded for oscillation frequency (Fig. 4 , parameterscape key). At each point, the circuit activity for a particular set of synaptic conductances can be ascertained at a glance. The patterns of network activity shown in the traces of Figure 4 can be seen at the points labeled A-D in the parameterscape below the traces. The electrically coupled neurons ( f2, hn, and s2) synchronize whenever g el is greater than g synHC (and Ͼ1.5 nS), but this relationship is not linear. A, g synHC ϭ 1 nS, g el ϭ 2.5 nS; (B) g synHC ϭ 2.5 nS, g el ϭ 5 nS, (C) g synHC ϭ 6 nS, g el ϭ 2.5 nS; and (D) g synHC ϭ 8.5 nS, g el ϭ 7 nS. Background colors indicate neuron oscillation frequency. Parameterscape (below) shows circuit activity for a range of electrical ( g el ) and half-center coupling ( g synHC ) conductance combinations with overlapping concentric shapes at each point. Key (above left of parameterscape) shows which neuron corresponds to each concentric shape. Colors represent suprathreshold voltage oscillation frequency (color axis) in hertz with blue shades indicating low frequencies and red shades indicating high frequencies.
We hypothesized that the network output patterns generated by this five-cell circuit would be changed by making any of the electrical synapses rectifying. So we generated parameterscapes for four cases of rectification. The rectification configurations from Figure 2 are used for the three electrically coupled neurons within the five-cell circuit. Recall that in Case 1, the electrical coupling between f2 and hn is rectifying so that negative current flows freely from hn to f2. The polarity of this rectifying synapse between f2 and hn is reversed in Case 2. Case 3 has a rectifying electrical synapse between s2 and hn such that negative current flows freely from hn to s2 and Case 4 has the opposite polarity synapse. Indeed, the effect of rectification on network output in the five-cell circuit echoes that in the three-cell circuit. For Cases 1 and 4 where the rectifying electrical synapses cooperate with the intrinsic properties of the neurons, the parameterscapes (data not shown) looked similar to the parameterscape in Figure 4 in which none of the synapses are rectifying. However, for Cases 2 and 3 in which the rectifying electrical synapses have an antagonistic relationship with the neurons' intrinsic properties, the parameterscapes were drastically changed from that seen in Figure 4 . The parameterscape for Case 2 (Fig. 5, top) is dominated by network behavior in which hn oscillates with the intrinsically slow halfcenter pair leaving the intrinsically fast half-center oscillator active at a higher frequency. However, in Case 3 (Fig. 5, bottom) hn oscillates with the intrinsically fast half-center oscillators for most of the synaptic conductance strengths in the parameterscape. In each of these two cases, the rectifying electrical synapse effectively gates off one of the rhythm-generating parts of the circuit leaving it to be active on its own, whereas the nonrectifying synapse facilitates synchrony between hn and the other half-center pair. This effective "gating-off" leads to robustness of one network pattern within the parameterscape and makes other network patterns "forbidden," at least in the synaptic conductance ranges studied (simulations were run for g el values up to 9.5 nS, but as conclusions were not affected by the extended range, only values up to 7.5 nS are plotted here).
An intuition about the gating-off effect discussed above can be gained from the three-cell circuit in Figure 2 . In fact, by choosing a single half-center conductance value and focusing on a column of a parameterscape in Figure 5 , the frequencies of the electrically coupled neurons as g el is increased follow a similar pattern in the five-cell circuit as in the three-cell circuit. The only difference is that a point at which all three electrically coupled neurons in the five-cell circuit synchronize is never reached in Cases 2 and 3 of Figure 5 .
Rectification and parallel pathways
Many neuronal circuits have parallel pathways between neurons that impact the complexity and robustness of the circuit. In this context, parallel pathways enable one neuron to communicate with another neuron via multiple routes, and can include both monosynaptic and polysynaptic connections. Parallel pathways can permit the nature of the communication to differ depending on modulatory state. For example, a neuron that sends both an inhibitory chemical synapse and an electrical synapse to its postsynaptic partner can have either a desynchronizing or synchronizing effect depending on the strengths of these synapses (Lewis and Rinzel, 2003; Bem and Rinzel, 2004 ). An intuition about the gating-off effect in Figure 5 was gained from studying the threecell circuit, but how might this gating be affected if there are parallel pathways through which the hub neuron can be dually influenced by the pattern-generating components of the circuit? To address this question, we added inhibitory synapses from the nonelectrically coupled neurons to hn. The behavior of this particular circuit with only nonrectifying synapses was studied in detail in Gutierrez et al. (2013) . Here, we focus on the impact of rectification on this circuit and develop a comparison between the network outputs in Cases 2 and 3 with and without parallel pathways.
The conductances of the synapses that form the half-centers were set to a constant value of 5 nS, whereas the conductances of the inhibitory synapses onto hn were varied, as well as the electrical coupling conductances. In the parameterscapes in Figure 6 , the conductances of the inhibitory synapses that project to hn ( g syn1 ) are varied along the x-axis.
In relating the parameterscapes in Figure 5 to those in Figure  6 , it is helpful to note that the first columns of the parameterscapes in Figure 6 correspond to the middle columns in the parameterscapes in Figure 5 , where g synHC is 5 nS. Modulation of only g el and g syn1 results in homogenous network behavior in Case 2 (Fig. 6, top) . That means that the network only produces one pattern for this range of synaptic conductances. Regardless of whether g syn1 is much higher or lower than g el , hn is always active with the slow rhythm except when both g syn1 and g el are very low (Ͻ1 nS). The striking homogeneity of this parameterscape reveals this network's insensitivity to the modulation of not only electrical synapse conductance but also the modulation of the inhibitory synapses impinging onto hn.
In Case 3, the parallel pathways have the inverse effect by expanding the repertoire of circuit behaviors (Fig. 6, bottom) . In other words, the circuit for Case 3 in Figure 6 displays more than one output pattern as a function of the electrical and parallel inhibitory synapse strengths in contrast to Case 2 and, more importantly, in contrast to Case 3 in Figure 5 . The inhibitory synapse from s1 to hn, in effect, compensates for the rectification of the electrical synapse between s2 and hn because it provides some of the slow, rhythmic hyperpolarization that the rectifying electrical synapse restricts. Thus, hn can be recruited into the slow rhythm for high enough g syn1 values despite the antagonistic relationship between the rectifying electrical synapse and the neurons' intrinsic properties. Furthermore, at the highest values of g syn1 and g el (Fig. 6, bottom ; top right part of the plot), f2 can also be recruited into the slow rhythm leaving f1 to oscillate at a higher frequency alone. Despite their disparate frequencies, f1 and f2 maintain their half-center relationship by oscillating in a 2:1 frequency pattern. For the lower range of g syn1 values, the circuit displays the same robust pattern that dominated the parameterscape in Case 3 of Figure 5 . In Case 3 of Figure 6 , however, the parallel pathway behaves like a switch that determines whether or not modulation of electrical synapse conductance will be able to modify the circuit pattern. When g syn1 is low, the circuit is robust against modulation of g el but when g syn1 is high, modulation of g el allows the circuit to switch between stable activity patterns.
The main difference between the two cases in Figure 6 is that g syn1 compensates for the rectification in Case 3, whereas it reinforces the effect of rectification in Case 2. This difference is due to the differing intrinsic oscillatory drives among the neurons in the circuit and the effect that the inhibitory synapses have on hn. The addition of the parallel pathways to this circuit shows how rectification of an electrical synapse has the potential to add complexity to a neuronal circuit on its own and to completely change the circuit's function.
Discussion
Although it is now clear that electrical synapses are ubiquitously found in all nervous systems, their roles in circuit dynamics and behavior have seen less computational study than chemical synapses. This relative neglect is even more so for rectifying electrical synapses, which have been largely ignored computationally, although they are commonly found in animals of disparate phyla (Furshpan and Potter, 1959; Johnson et al., 1993; Edwards et al., 1998; Phelan et al., 2008) . Because nonrectifying junctions are bidirectional, but rectifying junctions pass current preferentially in one direction, the extent of rectification may significantly alter the role of gap junctions in circuit performance. This is particularly important for interpreting the results of connectome studies that derive from electron microscopic methods (White et al., 1986; Chklovskii et al., 2010; Varshney et al., 2011) . Indeed, the prevalence of rectification is probably underestimated because it requires electrophysiological measurements from coupled cells to demonstrate that the rectification exists. Therefore, many of the efforts to go from an anatomically derived connectome to understanding function may be disappointing as a consequence of the presence of both rectifying electrical junctions and parallel pathways.
Rectification changes sensitivity to synaptic strength
Past work has shown that electrical synapses even without rectification can have counterintuitive and complex effects (Kopell et al., 1998; Bem and Rinzel, 2004 ). An early model of electrically coupled Inferior Olive neurons demonstrated that electrical coupling can produce four modes of synchronization among neuron pairs, including in-phase and anti-phase synchrony, depending on modulation of the ionic conductances and coupling strengths (Schweighofer et al., 1999) . Furthermore, membrane conductances are able to regulate the efficacy of electrical synapses thus providing a mechanism to amplify input from electrically coupled neurons (Curti and Pereda, 2004; Dugué et al., 2009) . This has been shown to be an important mechanism in the synchronization of neuron populations in the mesencephalic trigeminal nucleus of rats and mice (Curti et al., 2012) .
One of the most general findings of this work is that rectification can completely transform the extent to which the output of a circuit depends on the strengths of its chemical and electrical synapses. This is seen most dramatically by comparing the parameterscape in Figure 4 with those in Figure 5 . In Figure 4 , without rectification, the parameterscape shows a variety of network behaviors as the strengths of the chemical and electrical synapses are varied. Remarkably, in Figure 5 we see the same general network architecture but now for two of the cases of rectification, the network output is substantially less affected by changing the strengths of the electrical and mutually inhibitory chemical synapses. This is even more dramatic for the network shown in Figure 6 , Case 2. Here, the rectification makes the behavior of the network almost completely insensitive to the strengths of the electrical and parallel chemical synapses, although without rectification the network shows a full range of output patterns (Gutierrez et al., 2013) . Why does this occur? In Case 2 for the five-cell circuit, depolarizing current flow is limited from f2 to hn. This makes it difficult for hn to increase its frequency to oscillate with the fast rhythm. In Case 3, hyperpolarizing current from s2 to hn is limited. This means that the hyperpolarizing drive from the slow neurons to decrease hn's frequency must rely more on the synaptic inhibition from s1 than on the hyperpolarizing current from the rectifying synapse. This explains why the parameterscape in Figure 6 , Case 3, displays more network patterns than Case 3 in Figure 5 . It also provides an example of a parallel pathway that compensates for a rectifying electrical synapse. Thus, the inclusion or exclusion of rectifying electrical synapses in a neuronal circuit may determine how robust the circuit output is to modulation of other synaptic strengths. This also illustrates directly the limitations of a connectome without knowledge of the properties of the underlying junctions.
Biological interpretation
The rectification function used in this study was based on an approximation of the gap junction rectification measured between Xenopus oocytes with heterotypic gap junction channels (Phelan et al., 2008) . However, rectification functions differ widely across preparations (Suchyna et al., 1999; Evans and Martin, 2002) , and the degree of rectification and the steepness will depend on the hemi-channel combination (White et al., 1995) . Because a vast number of gap junction hemi-channel combinations are possible, this potentially could lead to a significant diversity of possible rectification properties, even within the same circuit under different conditions. Therefore, this study was not intended to model the degree of rectification of a specific form of gap junction, but to establish a set of potential consequences that rectification could have for circuit function.
Although we modeled rectifying electrical synapses explicitly, apparent electrical synapse rectification has also been found between neurons with different intrinsic properties (Nolan et al., 1999; Rela and Szczupak, 2004) . Symmetrical junctional potentials were measured between electrically coupled AII neurons in the retina, indicating that the gap junctions were not rectifying, yet the coupling coefficients were asymmetrical. This apparent rectification was found to be a result of the differing input resistances between the neurons (Veruki and Hartveit, 2002) . Neuronal circuits with electrically coupled heterogeneous neurons may contend with functional rectifying electrical transmission whether or not their gap junctions are themselves rectifying.
Modulation of rectification could alter the function of a circuit
It is known that neuromodulatory substances can alter the strength of gap junctions (Piccolino et al., 1982 (Piccolino et al., , 1984 Neyton and Trautmann, 1985, 1986a,b; Johnson et al., 1993; McMahon and Brown, 1994; Bloomfield and Volgyi, 2009 ) and influence circuit output (Jang et al., 2012) . For example, in the retina, dopaminergic modulation of gap junctions affects processing of light stimuli (Bloomfield and Volgyi, 2009) , and a variety of hormones and neurotransmitters influence coupling in the uterus and elsewhere (Neyton and Trautmann, 1986a) . Gap junction proteins are often the targets of phosphorylation, and cAMP and CaMKinase II are known to regulate some connexons (Hormuzdi et al., 2004; Söhl et al., 2005; Bloomfield and Volgyi, 2009 ). Furthermore, gap junctions are subject to activity-dependent modulation (Haas et al., 2011; Haas and Landisman, 2011) . Therefore, we speculate that the extent to which a given electrical synapse shows rectification may also be subject to modulation, either by activity that produces long-term inactivation of a conductance, or directly by neuromodulatory substances. The results of this paper demonstrate that if the extent of rectification of a given electrical synapse were to be modulated, this could dramatically alter the output of the circuit, and its robustness to changes in other parameters.
Many of the known examples of rectification are found in well defined invertebrate sensory-motor circuits (Furshpan and Potter, 1959; Muller and Scott, 1981; Johnson et al., 1993; Edwards et al., 1998; Phelan et al., 2008) . In general, invertebrate central pattern generating circuits are highly modulated (HarrisWarrick and Marder, 1991; Marder, 2012) , and these circuits are often multifunctional, with neurons that can combine into different circuit ensembles under modulatory control (Hooper and Moulins, 1989; Dickinson et al., 1990; Weimann and Marder, 1994; Briggman and Kristan, 2008; Friedman et al., 2009; Beverly et al., 2011; Jang et al., 2012; Sasaki et al., 2013) . Electrical synapses are common in these networks, and undoubtedly play important roles in the network reconfigurations that underlie these changes in behavior. We now suggest that modulation of the extent of rectification of one or more of the electrical synapses in a network could be a novel mechanism underlying circuit reconfiguration in behavior.
